The response of deep-sea vent microorganisms to mercury (Hg) was investigated through measurements of total Hg (THg) concentrations in hydrothermal fluids from diffuse and focused flow vents on the East Pacific Rise at 9uN and the estimations of the proportion of Hg-resistant chemosynthetic thiosulfate-oxidizing microbes in a representative subset of diffuse flow fluids. Fluids were enriched in THg, with concentrations ranging from 15 to 445 pmol L 21 and 3.5 6 0.1 to 11.0 6 0.8 nmol L 21 in diffuse and focused flow emissions, respectively. In diffuse flow samples, most probable numbers (MPN) indicated that 0.25-24.6% of the total chemosynthetic thiosulfateoxidizing bacteria were resistant to Hg. The highest resistance levels were observed in samples with the highest THg concentrations, indicating that adaptation to life with toxic Hg had occurred in the diffuse flow environment. High THg concentrations in vent emissions and adaptation to Hg among chemosynthetic vent microbes indicate that (1) Hg in vent emissions may contribute to the oceanic Hg mass balance, and (2) activities of chemosynthetic microbes may mobilize solid-phase Hg in metal sulfide and contribute to Hg detoxification in deep-sea diffuse flow vents. Thus, the activities of chemosynthetic microbes may be critical to the mobility, geochemical cycling, and toxicity of Hg in the vent ecosystem.
Metal resistance is common among microorganisms and is a critical factor modulating the effects of metals in the environment (Nies 1999) . Although the evolutionary origin of microbial metal resistance is unknown, geothermal environments, such as deep-sea hydrothermal vents, where heavy metal concentrations may be comparable to those in contaminated sites, could represent ecological niches in which metal-microbe interactions occurred early during microbial evolution. In these environments, metals often form complexes with reduced sulfur compounds (Dopson et al. 2003) . Deep-sea hydrothermal vents are associated with spreading centers along mid-oceanic ridge systems, with hydrothermal fluids occurring as either low-temperature diffuse flows (in which cold, oxygenated seawater 1 Corresponding author (barkay@aesop.rutgers.edu).
mixes with hydrothermal fluids prior to their emission at the seafloor) or as high-temperature focused flows. Diffuse flow vents are sites characterized by the most rapid biomass production of any ecosystem on Earth (Lutz 1994) ; among other organisms, tube worms, mussels, clams, crabs, and zoarcid fishes populate these vents. The rapid biomass production in this ecosystem is sustained by the activity of chemosynthetic microorganisms, which obtain energy, for the most part, by the oxidation of sulfur compounds (McCollom and Shock 1997 ). An important aspect of the biology and ecology of deep-sea hydrothermal vents, which has been scarcely investigated, is how microorganisms interact with metals and how they influence their toxicity.
Since mercury (Hg) in geothermal environments exists mostly as HgS complexes (Varekamp and Buseck 1984) , and since the oxidation of sulfur compounds is considered the most efficient energy-generating process at hydrothermal vents (McCollom and Shock 1997; Edwards et al. 2005) , we initiated a study on the interaction between Hg and sulfur-oxidizing bacteria from these environments. The rationale for this choice is that the activity of sulfuroxidizing bacteria may mobilize Hg and increase its bioavailability (Baldi and Olson 1987) , as has been shown for other metals (Rohwerder et al. 2003) . It has been long known that Hg is elevated around deep-sea spreading centers (Bostrom and Fisher 1969; Varekamp and Buseck 1984) , but only recently have direct measurements of Hg in hydrothermal fluids been made. These measurements, all obtained from high-temperature focused flows (i.e., black smoker chimneys), indicate elevated Hg concentrations, sometimes to levels as high as those observed in surface natural waters in highly contaminated environments (Lamborg et al. 2006; E. Ekstrom pers. comm.) . Although to the best of our knowledge, Hg concentrations in diffuse flow hydrothermal vents have not been measured, our previous work demonstrated adaptation to Hg among moderately thermophilic, heterotrophic bacteria from such vents, thus indicating that these microorganisms are exposed to elevated concentrations of this toxic metal (Vetriani et al. 2005 ). Here we report that Hg concentrations are elevated (relative to seawater concentrations) in deep-sea diffuse flow vents and that Hg-resistant thiosulfate-oxidizing bacteria are enriched in these environments.
Methods
Sampling site and sample treatment-Samples of hydrothermal fluids from both focused and diffuse flow vents were collected from the East Pacific Rise (EPR) at 9u509N, 104u179W, during three oceanographic expeditions on board the R/V Atlantis in April 2004, May 2005, and January 2007. Samples for microbiological analysis were collected and stored as described previously (Vetriani et al. 2005) . For this work, samples were collected immediately above the vents and diffuse flow areas, as well as 1 m above them, both before and after the removal of colonizing mussels, using a titanium sampler operated by the manipulator of the deepsubmergence vehicle Alvin. Fluid temperatures were measured in situ using the Inductive Coupled Link devices associated with the titanium samplers.
To minimize contamination, all samples for total Hg (THg) and trace-metal analysis were the first to be retrieved from the titanium samplers immediately upon arrival on board ship. The first volume extracted from the samplers was discarded, and then bottles for the preservation of samples were filled. Common clean protocols for the handling of samples with trace Hg concentrations were followed (Gill and Fitzgerald 1987) . However, at the time of sampling we had no control on the degree of ''cleanliness'' of the titanium samplers. We therefore realize that some of the measurements, especially those of diffuse flow vents with low THg concentrations, may overestimate true THg concentrations. We plan to address this issue during future cruises.
Samples from 2004 were stored in Teflon tubes and frozen shipboard at 280uC for later analysis. In 2007, samples for THg analysis were collected using the titanium samplers, stored in I-Chem Certified TM 300 series bottles, fixed with 0.5% HCl, and kept at 4uC for later analysis. Reference seawater samples were collected at 60-m and at 2400-m depths using Niskin samplers, were stored in 1-liter Teflon bottles, fixed with 0.5% HCl, and stored at 4uC. Samples for THg analysis were not collected in 2005.
Chemical composition of diffuse flow fluids-Samples from the 2004 cruise were analyzed at Frontier GeoScience, Inc. (Seattle, Washington). THg was analyzed after bromine monochloride oxidation and stannous chloride reduction using dual amalgamation cold vapor atomic fluorescence spectrometry (CVAFS), as described previously (Fitzgerald and Gill 1979; Bloom and Fitzgerald 1988) . Methylmercury was analyzed after distillation and aqueous-phase derivation using dual amalgamation CVAFS (Bloom 1989; Horvat et al. 1993) . Samples from 2007 were analyzed for THg concentration at Rutgers University (New Brunswick, New Jersey), as previously described (Bloom and Crecelius 1983) , using a TekranH CVAFS mercury detector (Tekran Instruments Corporation). Precision of THg analyses varied from 1% to 6% (relative standard deviation of replicate analyses) for diffuse flow samples (with the exception of Mk35) and from 0.4% to 7% for focused flow samples. The detection limit for THg, calculated as three times the standard deviation of the blanks, was 2. Sulfide data were obtained mostly in situ using an electrochemistry probe that was attached to the mechanical arms of the submarine (Luther et al. 2001 ). On some occasions, sulfide data and pH were measured shipboard. To obtain sulfide data, samples were preserved by fixing 1 mL of the sample with 1 mL of 1 mol L 21 NaOH and 0.1 mol L 21 Zn(CH 3 COO) 2 . Samples were mixed well and stored frozen until analysis (Rozan and Luther 2002 Modeling of Hg speciation-Because reduced sulfur affects Hg bioavailability (Benoit et al. 1999 (Benoit et al. , 2001 , the speciation of Hg in both the growth medium and the mer-lux assay buffer (see below) was determined using the chemical equilibrium speciation model MINEQL+ (version 4.5) (Schecher and McAvoy 1994) , using input parameters obtained from the MINEQL+ and the National Institute of Standards and Technology database (Martell et al. 1998) . Dissociation constants used as input parameters in the modeling can be requested from the authors. Hg speciation in medium 142 was modeled with 10 mmol L 21 HgCl 2 , the concentration added in order to select for Hg-resistant microbes.
mer-lux bioassays-To determine the bioavailability of the negatively charged Hg-thiosulfate complexes that were formed in the growth media upon addition of 10 mmol L 21 HgCl 2 , we used a mer-lux biosensor assay (Selifonova et al. 1993) . This biosensor contains a gene fusion in which the regulatory system of the mercury resistance (mer) operon controls the expression of bioluminescence (lux) from Vibrio fischeri. Thus, when Hg 2+ is present inside the cell, bacterial luminescence is induced, and since the response of the mer promoter to Hg 2+ is quantitative, the amount of light that is emitted corresponds to the amount of bioavailable Hg 2+ (i.e., Hg 2+ that has been taken into the cell from the surrounding medium) (Barkay et al. 1998 ). The assay was performed using Escherichia coli HMS174/ pRB28 and its constitutive derivative strain HMS174/ pRB27, as described previously (Barkay et al. 1998) , at a cell density of 10 8 mL 21 .
The bioassay medium, containing 5 mmol
and 91 mmol L 21 (NH 4 ) 2 SO 4 , at pH 7.0, was modified by the addition of thiosulfate at 1-10 mmol L 21 to simulate the Hg-thiosulfate speciation in the growth medium. The MINEQL+ model was used to examine the effect of thiosulfate addition on Hg speciation. Mercury concentration was kept at a constant of 10 nmol L 21 Hg(NO 3 ) 2 , which is below the toxicity threshold for biosensor cells, in the MINEQL+ simulations. Light production was determined using a Beckman LS 6500 Scintillation System (Beckman Coulter, Inc.) operated at the single-photon count mode. The number of photons emitted per minute was converted to quanta per minute, as described previously (Selifonova et al. 1993) .
Most probable number counts-Most probable number (MPN) counts were used to estimate the number of chemosynthetic, thiosulfate-oxidizing microbes and the proportion of Hg-resistant microbes among them. The counts were carried out by setting up serial 10-fold dilutions of the hydrothermal fluid samples under autotrophic conditions using medium 142, with and without the addition of 10 mmol L 21 HgCl 2 . Five replicate tubes were inoculated for each dilution and were incubated aerobically at 28uC for up to 10 d in the dark, without shaking. Growth was monitored by observing a change in color of the pH indicator and was confirmed by direct microscopic counts of acridine orange-stained cells visualized with an Olympus BX60 microscope with an oil-immersion objective lens (UplanF1 1003/1.3). The number of cells mL 21 and the 95% confidence intervals were determined using an MPN index (Alexander 1982) .
Results
Total Hg in diffuse flow fluids-Mercury concentrations measured in diffuse flow hydrothermal fluid samples ranged from 13.9 to 445 pmol L 21 , and most of the samples were enriched relative to THg concentrations in reference seawater (Table 1 ; the entire data set is available upon request from the authors). The sample with the highest Hg concentration, 445 pmol L 21 , similar to that of highly contaminated surface waters (Hines et al. 2000; Schaefer et al. 2004) , was collected at the Tica site following mussel removal in 2004. The moderate temperature of 12uC and the sulfide concentration of 55.3 mmol L 21 indicated weak venting activity and highly diluted vent fluids. In 2007, another fluid sample was collected from Tica, which had a higher temperature (29uC) and a THg concentration (422 6 15 pmol L 21 ) that was consistent with the previous measurement. In contrast, the East Wall sample with the highest temperature (65uC) had an elevated, but lower, concentration of THg (75 pmol L 21 ). Methylmercury concentrations in all 2004 samples were below the limit of detection, ,1.5 pmol L 21 . Methylmercury was not analyzed in samples collected in 2007.
Concentrations of THg measured in nonvent seawater samples collected at various depths in 2007 (using Niskin bottles) ranged from 1.0 to 2.0 pmol L 21 (Table 1) and are consistent with previously reported Hg concentrations in the North Pacific Ocean, which ranged from 0.3 to 1.9 pmol L 21 (Gill and Fitzgerald 1988; Nozaki 2001) .
Total Hg in high-temperature focused flow fluids-Our measurements of THg in focused flow hydrothermal fluids from the EPR at 9uN show Hg concentrations ranging from 3.5 6 0.1 to 11.0 6 0.8 nmol L 21 (Table 2) . As expected, temperatures and sulfide concentrations in focused flow samples were much higher than those of diffuse flow samples (Table 1) and may have been mostly due to particulate Hg, as indicated by the dark color of the samples. Yet a correlation between these factors and THg was not found. For example, the Bio vent sample with the highest THg concentration (11.0 6 0.8 nmol L 21 ) had the lowest temperature (245uC) and one of the lower sulfide concentrations (4703.9 mmol L 21 ), while Bio9, with the highest temperature (378uC), had the lowest THg concentration (3.5 6 0.1 nmol L 21 ).
The interactions of chemosynthetic vent bacteria with Hg-Our observation that THg concentrations are elevated in hydrothermal fluids from diffuse flow vents raised the question of Hg toxicity to chemosynthetic microbes, the primary producers in the vent environment. In Hg-contaminated surface waters, an increased proportion of Hg-resistant counts relative to control surface water indicates that microorganisms are adapted to life in the presence of Hg (Barkay et al. 2003) . We therefore estimated the proportion of Hg-resistant chemosynthetic sulfuroxidizing bacteria in diffuse flow vent waters with varying concentrations of THg.
To accurately assess Hg resistance among vent sulfuroxidizing bacteria, we first tested if the Hg added to medium 142 was bioavailable to chemosynthetic prokaryotes. This step was necessary, as Hg readily forms ligands with media constituents, and these interactions control its bioavailability and, thus, toxicity (Farrell et al. 1990 ). It has been previously shown that metal toxicity to hyperthermopholic sulfur-reducing Archaea was mitigated by sulfides (Edgcomb et al. 2004) , and because our study focused on thiosulfate as a sole energy source, the known affinity of Hg to sulfur (Varekamp and Buseck 1984) necessitated (1) a delineation of the speciation of Hg in the growth medium and (2) an assessment of how this speciation affected bioavailability relative to speciation in the absence of thiosulfate. We achieved this goal by combining the determination of Hg speciation in the growth medium using MINEQL+ with in vivo determinations of Hg bioavailability using our mer-lux biosensor system (Barkay et al. 1998 ). Thus, we first determined Hg speciation in the growth medium, then modified the biosensor assay buffer by the addition of thiosulfate to simulate the same molar ratio of Hg complexes as is present in the growth medium, and finally, we used the biosensor to determine the bioavailability of these complexes. This approach verified that the Hg added to the growth medium was bioavailable under the experimental conditions and was useful in comparing resistance levels among various diffuse flow vent samples.
Mercury speciation in growth medium-MINEQL+ modeling results (dissociation constants used are available upon request from the authors) showed that when 10 mmol L 21 HgCl 2 was added to medium 142, which contained 20 mmol L 21 thiosulfate, all Hg(II) was present as Hg-thiosulfate complexes, with the 22 charged dithiosulfate species representing 60% of the Hg [II] , and the 24 charged species trithiosulfate complex making up the remaining 40% (Fig. 1) .
Bioavailability of Hg-thiosulfate complexes-The merlux bioassay (Barkay et al. 1998 ) was used to determine how the complexation of Hg(II) with thiosulfate in the microbial growth medium affected Hg bioavailability. The (Golding et al. 2002) .
Biosensor assays showed a decrease in mer-lux expression with increasing thiosulfate concentrations, indicating that the formation of Hg-thiosulfate complexes at thiosulfate concentrations higher than 1 mmol L 21 decreased the bioavailability of Hg(II) (Fig. 2A) . When the data were used to calculate expression factors (i.e., the slope of the exponential portions of the curves describing light emission over time) (Barkay et al. 1998 ), a decline of 55% was observed at 2 mmol L 21 thiosulfate, as compared to the control without thiosulfate (Fig. 2B ). Assays performed with the lux constitutive strain E. coli HMS174/pRB27 (Barkay et al. 1998 ) showed no effect of increasing thiosulfate concentrations on biosensor performance (data not shown), indicating that the effect of thiosulfate on the response of strain HMS174/pRB28 was due to a decline in the Hg(II)-dependent induction of lux expression.
Abundance of Hg-resistant chemosynthetic microbes in diffuse flow vents-The MPN estimates showed that the number of chemosynthetic thiosulfate-oxidizing bacteria in our samples ranged from 1.1 3 10 3 (95% confidence interval: 3.3 3 10 2 -3.6 3 10 3 ) to 2.4 3 10 7 (95% confidence interval: 7.3 3 10 6 -7.9 3 10 7 ) cells mL 21 (Fig. 3) . These values are consistent, though higher, than those reported in shallow-water hydrothermal vents, in which the number of chemosynthetic bacteria ranged from 10 3 to 10 6 cells mL 21 (Brinkhoff et al. 1999) . The Hg-supplemented MPN estimates were, in general, at least an order of magnitude lower than those without Hg, at the 10 2 -10 4 cells mL 21 range (Fig. 3) . Together, MPN estimates showed that 0.2- Fig. 1 (Fig. 3) .
Discussion
Hg emissions from deep-sea vents have two important implications. First, vent emissions may affect the marine Hg mass balance (Lamborg et al. 2006) , and second, the toxicity of Hg may affect the biota in the vent's unique ecosystem. Our data, showing elevated THg concentrations in diffuse and focus flow fluids along with the response of the vent microbiota to Hg toxicity, indicate that increased levels of resistance are likely related to the high input of Hg to the vent ecosystem.
Our study revealed for the first time that diffuse flow hydrothermal vent fluids contained elevated THg concentrations spanning a broad range of concentrations, from 12 to 445 pmol L 21 (Table 1) . Analyses of all the data showed a positive relationship between temperature and sulfide concentration, as expected, yet these parameters were not positively related to THg concentrations. Currently it is not clear how the sub-seafloor circulation of hydrothermal fluids and their mixing with seawater affect the behavior of Hg in diffuse flow vents. However, as a result of the high sulfide concentrations in the fluids, it is likely that most of the Hg precipitates upon contact with oxygenated seawater (Varekamp and Buseck 1984) . In addition, interpretation of chemical data in diffuse flow vents is complicated by the mixing of the hydrothermal fluids with seawater, changes in fluid flux, and frequent fluctuations in currents (Johnson et al. 1988; Le Bris et al. 2006; Luther et al. 2008 ), preventing us from establishing unequivocal correlations among temperature and the concentrations of Hg and sulfide. Furthermore, a recent seafloor eruption (2005) (2006) altered the distribution of the vent sites along the ridge crest at 9uN and prevented us from replicating the 2004 sampling scheme in 2007. However, samples collected at Tica, with the highest THg concentrations (Table 1) , were in the same range of concentrations in 2004 and 2007, 445 and 422 6 15 pmol L 21 , respectively. Clearly, more research is needed to gain an understanding of Hg mobility and toxicity in diffuse flow vents.
The THg concentrations reported here for focused flow fluids, ranging from 3.5 6 0.1 to 11.0 6 0.8 nmol L 21 (Table 2) , are on average 30-fold higher than those we measured in diffuse flow fluids (Table 1 ) and are the highest that have been reported to date for any vent fluids. A recent report showed that the average THg concentration in focused flow vent fluids from the Gorda Ridge was much lower, ,15-10 pmol L 21 (Lamborg et al. 2006) , than the Fig. 3 . MPN estimates of total and Hg-resistant chemosynthetic thiosulfate oxidizing microorganisms. Estimations were performed in the presence and absence of 10 mmol HgCl 2 L 21 , which was present in the medium in di-and trithiosulfate complexes (see Fig. 1 ). White and gray bars present MPN estimates of total and Hg-resistant chemosynthetic thiosulfate oxidizing microorganisms, respectively. Error bars indicate 95% confidence intervals. Percent chemosynthetic microorganisms that were resistant to Hg are provided above the bars. THg concentrations (pmol L 21 ) in vent water samples are presented when available.
nmol L 21 concentrations we found in the fluids from the EPR. The difference may be due to the fact that our samples, which were dark in color, likely included a high concentration of precipitated metals, while Lamborg et al. (2006) reported analyzing clear samples that were likely depleted of precipitated metals. One should note that the samples that were analyzed in the later study had been stored for an extended period of time at 4uC prior to analysis. Other data on focused flow vents from both the EPR and the Juan de Fuca Ridge showed concentrations of THg as high as 1.7 nmol L 21 (E. Ekstrom pers. comm.), which is two-to sevenfold lower than our measurements.
Using the approach of Lamborg et al. (2006) and a THg concentration of 1 nmol L 21 , which is within the range of concentrations reported here and by E. Ekstrom for the EPR, we calculated an input of Hg to the deep ocean of 10 Mmol yr 21 . This value is several-fold higher than the estimated yearly input of Hg to the deep ocean, 2.4 Mmol yr 21 (Mason and Sheu 2002) , and is thus unrealistic, indicating that most of the geothermal THg is precipitated, likely as mercury sulfide, upon mixing with cold oxygenated seawater in the vicinity of the vents. Hence, questions regarding the stability of these Hg deposits and the processes that may mobilize them into the oceanic water column come to the fore.
Our observation of high tolerance to Hg among chemosynthetic microorganisms (Fig. 3) indicates adaptation to Hg and a possible role for these microbes in Hg mobilization from solid metal sulfides. Previous observations that indicated that toxic metals such as copper and cadmium were released during the oxidative solubilization of reduced sulfur in near-surface deep-sea sediments (Severmann et al. 2006) point to the possibility that chemosynthetic microbes that attach to the surface of metal sulfides and obtain energy from the oxidation of solid-phase sulfur, and possibly iron (Eberhard et al. 1995; Edwards et al. 2005) , may release Hg during the oxidation of Hg-sulfide deposits. Deep-sea solid deposits contain mg g 21 concentrations of total Hg (Lamborg et al. 2006; M. Crespo-Medina unpubl.) . Demonstrations that pure bacterial cultures reduce (Baldi and Olson 1987) and methylate (Benoit et al. 2001) Hg from cinnabar indicate that solidphase Hg may be bioavailable. Thus, activities of chemosynthetic prokaryotes may mobilize the solid-phase Hg present in cinnabar as ionic Hg, a highly bioavailable form, which subsequently may enter further biogeochemical cycling. This consideration and the demonstration of elevated Hg resistance among vent bacteria ( Fig. 3 ; Vetriani et al. 2005) bring up the scenario of Hg cycling following the emission and initial deposition of Hg with metal sulfides. According to this scenario, chemosynthetic microbes that oxidize metal sulfides release soluble ionic Hg, which is then reduced to its elemental form by microorganisms that express the mer system, a detoxifying mechanism that could be critical for the settlement of metazoan larvae and for the subsequent colonization of deep-sea vents.
While sulfur-oxidizing bacteria can use different forms of reduced sulfur (hydrogen sulfide, sulfite, sulfur, and thiosulfate), for the purpose of this study we used thiosulfate because of the ease of preparing microbial growth media with this reduced-sulfur species, relative to sulfide or elemental sulfur. It should be noted that we have not been able to consistently detect thiosulfate or its polysulfide precursors in fluids from the EPR (Luther et al. 2001 ), although they were readily detected in other deep-sea vents (Mullaugh et al. 2008) . Since the detection limit for thiosulfate using our in situ system is 30 mmol L 21 , this sulfur species could go undetected if present at lower concentrations. Furthermore, if the thiosulfate is complexed to metals, its peak would shift to positive voltage and it would be out of the working voltage range for our system.
Our previous work in deep-sea hydrothermal vents showed that the incidence of Hg-resistant heterotrophic bacteria was directly related to their proximity to the vent source (Vetriani et al. 2005) . The work reported here expands this observation to autotrophic thiosulfate oxidizers. A correlation between the percentage of Hg-resistant MPN estimates and the THg concentration in the corresponding diffuse flow fluids indicates that vent chemosynthetic microorganisms are adapted to life in the presence of Hg. However, it is not clear how this resistance affects microbial life in situ. Sulfide concentrations in the samples that were analyzed for THg, showing a millionfold excess of sulfide over THg concentrations (mmol vs. pmol L 21 ; Table 1 ), indicate that complexation with sulfide, known to limit Hg bioavailability (Benoit et al. 2001 ) and metal toxicity (Edgcomb et al. 2004) , likely dominated Hg speciation in situ. In addition to sulfide, Hg speciation and bioavailability is modulated by interactions with dissolved organic carbon (Barkay et al. 1997; Ravichandran 2004 ) and iron (Rytuba 2000) . Measurements of these factors are needed for the evaluation of the impact of the emitted Hg on deep-sea vent biota. Nevertheless, the presence of Hg-resistant bacteria in vent fluids (see above and Vetriani et al. 2005 ) strongly, though indirectly, indicates that Hg is in fact toxic to the vent microbiota in situ.
The approach used here to assess the level of Hg resistance included the determination of the dominant Hg chemical form in the growth medium and its bioavailability relative to neutral and positively charged forms (Table 3 ; Fig. 2 ). This analysis showed that the bioavailability of Hg(II)-thiosulfate complexes in medium 142 was reduced by 55% relative to the Hg(NH 3 ) z2 2 , the dominating Hg species in medium 142 in the absence of thiosulfate. Hence, the level of toxicity expected in the thiosulfate and 10 mmol L 21 Hg(II) is similar to that of 4.5 mmol L 21 Hg(II) added to medium 142 without thiosulfate. There is little doubt that growth in the presence of mmol L 21 concentrations of Hg under aerobic conditions is only possible for resistant microorganisms (Barkay et al. 2003) , even if the issue of Hg bioavailability in growth media is a complicated one (Farrell et al. 1990) . Results showed that Hg bioavailability decreased as the proportion of the negatively charged Hg-trithiosulfate increased (Fig. 2B) . It is likely that the negative charge of this Hg-thiosulfate complex reduced its bioavailability. Previous observations indicate that negatively charged chloride (Barkay et al. 1997) or sulfide (Benoit et al. 1999 ) complexes of Hg(II) have a reduced bioavailability relative to neutrally charged complexes. The mechanism by which negative charge reduces bioavailability is not known. However, the apparent higher bioavailability of the 22 charged dithiosulfate, as compared to the 24 charged trithiosulfate, may result from a higher rate of complex dissociation of the former within the cell's diffusive boundary layer, which could enhance transport of Hg into the cell (Hudson 1998) by either diffusion of uncharged forms (e.g., Hg-monothiosulfate) or of various charged complexes through sulfate and thiosulfate transporters, as was shown for the transport of silver-thiosulfate complexes in algae (Fortin and Campbell 2001) .
In summary, this study shows that THg concentrations are elevated in focused and diffuse flow hydrothermal vent fluids and that Hg-resistant chemosynthetic microorganisms are enriched in these fluids. The major implications of these finding are that (1) hydrothermal vent emissions may contain a wide range of THg concentrations, indicating variable sources. Additional measurements of Hg in its various chemical forms in high-temperature hydrothermal fluids from a range of different vent systems are needed to facilitate an assessment of the contribution of hydrothermal emissions to the input and biogeochemistry of Hg to the deep ocean. (2) In the vent ecosystem, microorganisms may play a role in the mobilization of Hg from Hg sulfide deposits, which are likely the most abundant forms of Hg at hydrothermal vents (Varekamp and Buseck 1984; Dopson et al. 2003) , and subsequently in the detoxification of the released ionic Hg. The ability of vent microorganisms to transform aqueous and solid-phase Hg-sulfur complexes may be critical to the mobility, cycling, and toxicity of Hg in vent ecosystems.
